In a greenhouse experiment we evaluated the application of slurry generated by a biogas reactor of agroindustrial residues. The objectives of this study were to determine the response to slurry application on dry matter production and nutrients absorption of Setaria italica (setaria), and to evaluate the effect of the slurry on soil properties. Two soils, of different texture, were mixed either with slurry or with diammonium phosphate (DAP) at 0, 80, and 160 kg N ha −1 equivalent rates. The setaria was harvested 68 days after planting, and separated into leaves plus stems, ears, and roots. Total biomass and content of N, P, K, Ca, Mg, Cu, Fe, Mn, and Zn were determined in each fraction. In the soil we determined pH, electric conductivity (EC), organic C, available P, mineral N, and exchangeable cations. Although the biomass produced and the amounts of nutrients absorbed were different in the two soils, in both of them setaria responded to the slurry application. The amounts of N absorbed from slurry and DAP were similar, indicating that the N from the slurry was readily available. The slurry application also increased the absorption of other macro and micro nutrients (P, Ca, Mg, and Zn). No significant changes in soil exchangeable cations, pH, and EC were observed at setaria harvest. In the silty soil the crop almost depleted the mineral N in all treatments, but in the sandy soil large amounts were left, especially in the treatments with slurry. This fact highlights the importance of a careful dosage of this soil amendment, to avoid the excess of mineral N, which is potential pollutant for the environment. It can be concluded that the use of slurry from the reactor had a positive effect on the nutrients availability, without negative effects on soil properties.
Introduction
The Uruguayan economy is mainly based on agriculture, with a wide range of industrial transformation of the products. These agroindustrial activities produce different types of residues or by-products, which are difficult and expensive to dispose.
Fruit and vegetable production in Uruguay is concentrated in the south of the country from which the capital is supplied. Also meat and dairy industries are mainly located in the area. This agro-industrial development generates approximately 130,000 tons of residues each year. To date most of the final disposal of the agroindustrial residues is made without any treatment, but the normative is increasingly restrictive in this aspect.
The intensive land use has led to soil degradation and nutrient depletion in most of the area. To maintain soil productivity in these highly extractive systems the addition of fertilizers is not sufficient, therefore the amendment of the soils with organic materials, to replenish the lost soil organic matter (SOM), and nutrients, has been recommended [1] .
The majority of these waste materials are rich in C, and therefore suitable for energy production. In this context the anaerobic treatment has many advantages, such as energy production, soil amendment with the stabilized slurry, and the possibility to trade C credits [2] [3] .
The characteristics of the biogas slurry depend on the waste used in the reactor, therefore its value for plant nutrition will be closely related to the combination of agroindustrial residues used [4] . In dairy production systems in Uruguay the biogas production from cow manure has been developed to some extent, generating nutrient-rich slurry. In an evaluation of the slurry produced by these systems, [5] reported increases in yield, and higher nutrient extraction of extensive crops that received biogas slurry applications. Reference [6] also reported positive effects of biogas slurry in crops, with increases in SOM content and microbial activity. However, the slurry from the anaerobic digestion of residues as a source of organic C and nutrients has not been extensively used, although the organic amendment for intensive production is widely adopted [7] . Additionally the anaerobic treatment can be a mean to decontaminate the materials from pathogens and other pollutants, which represent a threat for vegetable and fruit production.
Our objectives were to determine the response to biogas slurry application on the biomass production, and nutrients absorption of Setaria italica (setaria), and to evaluate the effects of the slurry on soil properties.
Materials and Methods
For the experiment we collected soil from the superficial layer (0 -15 cm) of two different sites ( Table 1) . Soil 1 was a silty soil from an intensive production farm, while Soil 2 was a sandy soil under native pasture. For simplicity, the soils will be referred as S1 and S2. The slurry utilized was produced during the anaerobic digestion of agroindustrial residues ( Table 2) . A pilot reactor (5 m 3 capacity) was constructed, and daily supplied with the equivalent to 2.9 kg•m −3 volatile solids. The residues used were: rumen content from meat industry, fat from tannery industry, and slurry from a waste treatment plant, in a 4:2:1 proportion in volume (2.5:1.6:1 in dry weight). The hydraulic residence period of the digester was 30 days, and the working temperature 35˚C. During the operation the evolution of volatile solids and biogas production were monitored. The biogas composition was analyzed through gas chromatography. It is important to remark that the tannery residues were collected previous to any chemical addition.
The amendment treatments were: slurry and diammonium phosphate (DAP, 18% N and 46% P 2 O 5 ) at 80 and 160 kg N ha −1 equivalent rates, plus a control without any addition. The amounts of fresh slurry corresponded to 90 and 180 Mg•ha −1 , for the 80 and 160 N rates, respectively, and were calculated based on the N content in the slurry, dry basis. The P rates of slurry corresponded to 60 and 120 kg of P 2 O 5 ha −1 and for DAP to 200 and 400 kg of P 2 O 5 ha −1 for the low and high rates respectively. The rates were calculated considering a soil depth of 15 cm and a bulk density of 1.25 g•cm −3 , and are based in the usual recommendation for setaria in dairy production systems.
For the greenhouse experiment the fresh soils were passed through a 1 cm mesh. The amount corresponding to each pot (4 kg, dry basis) was extended in a fine layer, and the slurry and fertilizer were applied. The materials were mixed, and the amount of water to reach field capacity in each soil (0.25 and 0.22 g•g −1 for S1 and S2, respectively) was added. Ten pre-germinated seeds of setaria were sown in each pot, which were thinned two weeks later to 5 plants per pot. Three replications were prepared in S1, and two in S2. The pots were daily watered with deionized water to replenish evapotranspiration losses. Setaria was sown on January 18, 2011 and harvested at March 27, 2011 . At harvest the plants were still green, although the ears were developed, indicating that they approached physiological maturity. The plants were separated into three fractions: leaves plus stem, ears, and roots.
Soil samples were collected at the harvest of setaria, dried at 40˚C for 48 hours, and ground for analysis. The NH + -N contents in the extracts were colorimetrically determined [8] [9] . The available P was determined by Bray 1 method [10] . The exchangeable cations were extracted with 1 M ammonium acetate (soil:solution 1:10). The Ca and Mg content of the extracts were determined by atomic absorption and the K and Na contents by atomic emission [11] . To determine pH and electrical conductivity (EC) the soil:water relationship was 1:2.5.
The biosolid and plant samples were dried at 65˚C for 48 -72 hours (until constant weight) and ground to pass a 0.5 mm screen. The N content was analyzed by Kjeldahl distillation after digestion with concentrated H 2 SO 4 . For P and cation analysis the samples were ignited at 550˚C for 5 hours, and dissolved with HCl. Phosphorus was determined according to [12] , Ca, Mg, Fe, Cu, Zn, and Mn by atomic absorption, K and Na by atomic emission [11] . To determine the C content of the slurry a wet oxidation procedure with K 2 Cr 2 O 7 was used [13] .
For the statistical analysis a completely randomized design was used separately for each soil. Differences between the effects of slurry and synthetic fertilizer were tested through contrast analysis.
Results and Discussion
The S1 site presented erosion symptoms, and the superficial layer had probably lost a great proportion of the original SOM, due to the long agricultural use. In contrast the S2 site was under native pasture, with high SOM content. The level of available P could be also related to the site history, with high values in S1, due to frequent P fertilizer applications, while the low content in S2 is characteristic of unfertilized soils in Uruguay. Given these characteristics of the sites, the most likely limiting nutrient would be N in S1 and P in S2.
The materials digested in the reactor, especially rumen content, determined that the resulting slurry presented high C, N, and P contents. The low C:N, ratio suggests that the material was easily decomposable, in agreement with other studies [14] . The high Ca content was probably inherited from the original materials, and the K content was rather poor. Regarding to Na, which in excess would produce a negative effect in the soil, the estimated amount added with the slurry was approximately 0.05 and 0.10 cmol c •kg −1 of soil for the 80 and 160 N rates, respectively. Although these values are not considered a threat, frequent applications of slurries could increase the exchangeable Na in the soil, producing clay dispersion, and negatively affecting the soil structure and permeability. The contents of Fe, Mn, Zn, and Cu in the slurry were within the ranges cited by [7] in a survey of the different organic materials used in Uruguay for soil amendment. These results were also similar to those presented by [15] in a survey of animal manures in UK. These characteristics were expected, because it is accepted that the biogas slurry is highly influenced by the characteristics of the reactor inputs [4] . In our study the materials used for biogas production did not suffer any process with addition of chemicals, therefore they presented similar contents of Fe, Mn, Zn, and Cu as other organic amendments.
In a previous laboratory experiment, we studied the decomposition patterns and nutrient release of the biogas slurry [16] . In the controlled conditions of the incubation (temperature 25˚C and soil water content at field capacity) the slurry showed a rapid mineralization, with high CO 2 and mineral N release. The increase in microbial biomass activity produced by the slurry addition has been reported in many studies [17] [18] . In these studies the contribution of the microbial biomass has been linked to increases in nutrient availability, not only related to the slurry decomposition, but also to priming effects, resulting in native SOM mineralization [19] .
Biomass Production
The biomass production of setaria showed a significant response (P < 0.05) to slurry and fertilizer application in both soils (Figure 1) . In S1 the production with slurry was higher than DAP (P < 0.05), but there were not differences between application rates within each material. This result suggests that the benefit of the slurry can be explained not only by the N and P supply, but also by other reasons.
One of the possible positive effects of the slurry is the improvement of physical properties, increasing gaseous exchange and therefore a higher root biomass and soil exploration [20] . Although no significant differences were found, in our study the root:shoot ratios of the slurry treatments (0.27 and 0.24 for low and high slurry rate, respectively) were higher than those of the Control and DAP treatments (0.19, 0.17, and 0.19 for the Control, Low, and High DAP rate, respectively).
In S2 there were no significant differences in biomass production among the Control and the Low rate of either slurry or DAP, but the High rate of both sources produced higher yields (P < 0.05). In this soil the root:shoot ratio was higher than in S1 for all treatments, especially in the Control (1.17, data not shown), which was significantly larger than the others (0.46 for the average of slurry and DAP). This result is probably related to the extremely low P availability of this soil, since it has been reported that the P starvation induces preferential allocation of biomass to roots [21] .
Nutrient Absorption
The addition of slurry and fertilizer produced significant effects on the N concentration in shoots, ears, and roots of the setaria ( Table 3) .
In S1 there was an increase in N absorption with the slurry application, similar to the effect of the fertilizer application. These results indicate that the availability was similar in both sources. However, it should be remembered that the experiment was conducted during summer, with high temperature and humidity, ideal conditions for slurry decomposition. In S2 there were no differences in N concentration among treatments, and the values were generally higher than those of S1, which was probably due to the higher capacity for N supply of this soil.
There was also a different effect of the soil type on the plant P contents, with higher P concentrations in all plant fractions in S1, which are in agreement with the high P availability of the soil at the beginning of the experiment. In this soil the plants with slurry and fertilizer showed significantly higher concentrations than the Control, but the effect of the higher P rate of DAP was noticeable only in shoot concentrations.
In contrast in S2 there was a stronger effect of the soluble fertilizer than the slurry (P < 0.05), reflecting the higher rate applied, and probably a more readily availability of the added P in DAP. The P concentration in forage is relevant for animal nutrition; in consequence it is possible that in S2 the treatments with slurry were below the required P levels [22] . To recommend the slurry application based in the N content in a deficient P soils like S2, the added P is unlikely to be sufficient for high quality forage, and a complementary P fertilizer application would be needed.
The amount extracted of different macro and micronutrients by the whole setaria plants (including shoots, ears, and roots) are presented in Table 4 . These values are the result of many factors, such as: the soil characteristics, the nutrient supply of the slurry and fertilizer, the climatic conditions for plant growth, and the root biomass and absorption capacity of the different treatments. In both soils the high rates of slurry and DAP presented also the highest nutrient absorption.
In both soils the amounts of Ca, Mg, K, and Na absorbed by setaria in the treatments with slurry were significantly higher than those of the DAP treatments. The absorption of cations depends in a great degree on root Table 3 . Concentration of N and P in setaria and probability of the contrast analysis. In each soil and plant fraction different letters indicate significant differences (P < 0.05) among treatments. exploration of the soil [23] . The results suggest that the increase in underground development produced by the slurry could be related to the higher cation absorption. The use of setaria in dairy production not only requires high yields, but also high forage quality, in terms of nutrient contents [24] . Therefore, the positive effect of slurry increasing nutrient absorption also represents an advantage of the organic amendment. It is important to remark, however, that the differences were more noticeable in absorption of the macronutrients than micronutrients. This result is probably due to the limited supply of micronutrients made by the slurry.
Effects on Soil Properties
The analysis of soil mineral N after harvest show different behaviour of the soils (Figure 2) . While in S1 the mineral N was almost depleted, in S2 high N- 3 
NO
− concentrations were found in the treatments with slurry and DAP.
Apart from the crop absorption, possible causes of the low mineral N level in S1 are N-3 NO − losses, either through leaching or denitrification. However, these processes were unlikely to occur under the controlled conditions of the greenhouse, where water was not in excess. Since the N absorption of setaria was similar for the slurry and DAP treatments in both soils, the differences in the control treatment indicate a higher mineralization capacity in S2 than S1. It should be remembered that during the experimental period high temperatures occurred, which promote organic matter mineralization from the slurry and the soil. Moreover it has been proposed that Table 4 . Content of N, P, K, Ca, Mg, Na, Cu, Fe, Mn, and Zn Cu in setaria plants (shoots, ears, and roots), and probability of the contrast analysis. In each soil and plant fraction different letters indicate significant differences (P < 0.05) among treatments. the addition of biogas slurry could promote a priming effect, with an additional mineralization of native SOM [19] - [25] . Reference [19] cited as possible factors determining the magnitude of the priming effect the high ammonium supply, the presence of labile SOM, and plant rhizodeposition. All of these factors were likely to influence the process when slurry was added to S2. Irrespective of the origin of the mineral N found in the slurry amended soil in S2, this fact should be taken into consideration when planning the use of slurry in the field, because the excess in mineral N could lead to contamination of surface or ground water, as reported by [14] . Biogas slurries present the disadvantage, like many organic amendments, that it is not possible to predict their mineralization patterns, in order to match the N release to the crop requirements [26] . Table 5 shows the soil properties after setaria harvest. The most important effects of the treatments in soil pH were an increase in the slurry treated soils, and a trend of lower values when DAP was applied. These results are probably due to the high pH of the slurries, and the soil acidification produced by ammoniacal fertilizers. The CE values were lower in S1 than in S2, showing the influence of the mineral N content (especially N-3 NO − ) on this parameter. In S2 the slurry treatments showed the highest EC, nevertheless, these EC values were below the critical levels for plant growth [27] .
The available P presented wide differences between the soils, because at the beginning of the experiment S1 was well above the critical levels for most of the crops, while S2 was in the deficiency range. Therefore, the effect of the treatments on soil P availability in S1 were not relevant for the nutrition of the crop, while in S2 the addition of fertilizer or slurry, especially at high rates, were necessary to remove the P limitation. Interestingly, at the setaria harvest the available P level at S2 reached the critical level for setaria (12 -14 mg kg −1 ) with the high, but not with the low rate of slurry. This agree with the guidelines for P fertilization in this region, which recommend that to increase soil test P in 1 mg•kg −1 , an amount of 10 kg P 2 O 5 ha −1 is required in most of the soils.
Regarding to soil K, in both soils the highest levels were observed in the Control treatment. These results suggest that the slurry application, with a very low K supply, and DAP, promoted higher growth rates, and therefore K extraction, lowering the soil available K. In the Control and DAP treatments the soils presented lower Na, Ca, and Mg levels at harvest than in the initial sampling ( Table 2) , while with the high slurry rate the values were similar, indicating that the slurry was able to replenish the absorbed nutrients and these values agree with the extraction nutrient of the whole plant ( Table 4) .
Conclusions
The biogas slurry produced by the digestion of rumen content, fat from tannery industry, and slurry from a waste treatment plant had a positive effect in setaria growth in two soils with different nutrient limitations. The nutrient absorption, and consequently forage quality, was also enhanced by the slurry application.
When a high rate of slurry was applied in the sandy soil, a large amount of mineral N (mainly N-3 NO − ) still remained after setaria harvest. It is therefore recommended a careful dosage of this amendment, to avoid the N- 3 
NO
− potential environmental pollution. After the crop harvest no major changes were observed in soil properties in the slurry amended, compared with the Control and fertilized soils. At the agronomic rates used in this experiment, the amended soils presented higher exchangeable cations and pH values, which is positive for the long term crop or agricultural productivity.
